T otal tree height represents an important independent variable in volume or biomass prediction models. However, height is often subsampled in forest inventories because it can be time-consuming to estimate. In these situations, height-diameter models are constructed to predict height from diameter. However, height-diameter relationships are often quite variable between forest stands, so this makes the use of local or single-entry volume tables or equations restricted to the forest stand for which they were developed. The use of mixed-effects modeling techniques has made it possible to build height-diameter models that can be calibrated to local stands with a subsample of heights and diameters. This type of model has the potential to be useful for forest inventory or growth and yield models that require predicted heights by diameter class (e.g., diameter distribution models).
Mixed-effects models have previously been applied to height-diameter estimation. Lappi (1997) used a mixed-effects model to predict height from diameter for jack pine (Pinus banksiana). Sharma and Parton (2007) developed mixed-effects height-diameter models for boreal tree species in Ontario, Canada. Mehtatalo (2004) used the Korf equation (Zeide 1989 (Zeide , 1993 to model height from diameter for Norway spruce (Picea abies). Calama and Montero (2004) developed a mixed height-diameter model for stone pine (Pinus pinea) in Spain. Lynch et al. (2005) developed a mixed-effects model also based on the Korf equation for height prediction of cherrybark oak (Quercus pagoda). Trincado et al. (2007) developed a regional mixed-effects height-diameter model for loblolly pine in the southeastern United States. Budhathoki et al. (2008) predicted height from diameter for shortleaf pine (Pinus echinata) with a mixed-effects model using stand-level independent variables. Budhathoki et al. (2008) found that including dominant height and basal area per hectare along with individual tree diameter improved the predictions of individual tree height. Trincado et al. (2007) , however, did not include any stand-level variables, arguing that the calibration of the regional model to the local stand accounts for differences in stand density and site quality. The objective of this study was to develop a mixed-effects height-diameter model for loblolly and slash pine plantations in East Texas. No such model has been developed for this region. We examined models that included stand-and tree-level independent variables as well as tree-level variables only to determine the best predictive model that can be calibrated to local stands.
Methods
In this study, 119,983 height-diameter observations were measured on loblolly pine trees repeatedly sampled on 185 permanent plots (Table 1) as well as 42,697 height-diameter observations measured on slash pine trees repeatedly sampled on 84 permanent plots (Table 2 ) located in East Texas pine plantations. On each plot, the same trees have been remeasured since 1982 as part of the East Texas Pine Plantation Research Project (Lenhart et al. 1985) . Plots ranged in age from 2 to 40 years old and represented a wide range of site quality and density. Because the height-diameter pairs were repeated observations, the assumption of independent residuals was violated. Thus, parameter estimates from ordinary least squares would be biased. The mixed-model approach uses maximum likelihood (ML) estimation, which is appropriate for data with this serially correlated structure.
This study examined a model developed by Budhathoki et al. (2008) that includes dominant height and basal area (BA) per acre as well as individual tree diameter to predict individual tree total height. A random effect is included for tree diameter:
where H ij is the total tree height (ft) of tree j in plot i, Hd i is the dominant height (ft) in plot i, D ij is the dbh (in.) of tree j in plot i, BA i is the basal area (ft 2 ) per acre of plot i, ␤ k is the fixed-effects regression parameters, u i is the plot-specific random effects, and ij is the random error of tree j in plot i, ϳ N(0, 2 ).
We also examined the logarithmic height-diameter model of Lenhart (1968) that uses both individual-tree and stand-level variables to predict tree height. Lee and Coble (2006) and Coble and Lee (2008) also used this model to estimate height from diameter for loblolly and slash pine, respectively. In this study, one to three random effects were included to account for plot-level variation. However, initial screening suggested that the model with three random effects worked best: (2) where D max i is the maximum observed diameter (in.) in plot i, Dq i is the quadratic mean diameter (in.) of plot i, and ln is the natural logarithm. All other variables are defined as before.
Avery and Burkhart (2002) and Clutter et al. (1983) presented a modified form of the Korf equation that has been widely used to predict individual tree height from individual tree diameter alone. We added two random effects to their model for this study,
where all variables are defined as before. The NLMIXED procedure (for Equation 1) and MIXED (for Equations 2 and 3) of the SAS Institute, Inc. (SAS Institute, Inc., 2000 -2004 were used to estimate the model parameters. The NL-MIXED procedure uses ML while the MIXED procedure uses restricted/residual ML (REML) to estimate the parameters and their variances. The best model was chosen based on Furnival's Index of Fit (FI; Furnival 1961 ). This index is a modified likelihood criterion that reflects both the size of the residuals and the possible departures from normality and homoscedasticity. FI can be used to compare any number of models where the dependent variable (YЈ) represents different transformations of the original dependent variable. Lower values of FI indicate a better fit model. FI is defined as
where f Ј(Y) is the first derivative of the transformed dependent variable with respect to Y, and
Results and Discussion
Based on FI, the mixed-effects model of Lenhart (1968) (Equation 2) performed best for individual loblolly and slash pine tree total height prediction (Tables 3 and 4) . For loblolly pine, the pa- rameter estimates for both individual-tree (i.e., diameter) and standlevel (i.e., dominant height, quadratic mean diameter, and maximum observed diameter) independent variables were significant at the 0.05 level. The results were similar for slash pine, except the coefficient with quadratic mean diameter was not significant (P ϭ 0.6599; Table 3 ). However, quadratic mean diameter was retained in the model rather than removed to refit the model. Removal of this term would alter the theoretical form of the model, which is not something we desire. Perhaps the nature of the slash pine data caused the nonsignificant result, rather than a limitation of the theoretical model, which we believe should include a measure of average tree size. The residual plots for both the loblolly and the slash pine predictions did not indicate any departure from normality or nonconstant variance (Figures 1 and 2 ). The data used in this study were sampled in a two-level hierarchical design. Individual trees were repeatedly measured through time on the same plots. Thus, random effects for plots (spatial autocorrelation) as well as for the repeatedly measured trees (serial autocorrelation) are theoretically necessary to characterize the variance-covariance structure of the loblolly and slash pine data sets. However, we found (results not shown) that predictions from fitting the model in the two-level design were not statistically different from predictions from a one-level design that considered only the random effects for plots (spatial autocorrelation). In fact, in some cases, the predictions were worse. Other researchers have found similar results for mixed-effects prediction models Burkhart 2006, Huang 2009 ). Trincado and Burkhart (2006) concluded that the inclusion of the plot-level random effects accounted for most of the serial autocorrelation associated with repeatedly measured trees. Because we wanted to develop a prediction model with high precision rather than test statistical hypotheses, we chose the mixed-effects height-diameter model that included random effects for plots only. This worked best for our data set, but other researchers should investigate the variance-covariance structure of their data before arbitrarily making the same conclusion.
An application example serves to show the benefits from using mixed-effects models to calibrate a population-level (fixed-effects) model to local stands. Ten loblolly pine trees with observed dbh and total heights were randomly selected from a data set that was independent of the fitting data set. These 10 trees were measured during a timber cruise of a 23-year-old, twice-thinned loblolly pine plantation, with a site index ϭ70 ft, 78 tpa, 58 ft 2 /ac, dominant height ϭ 67 ft, Dq ϭ 11.7 in., and D max ϭ 19 in.
Using Equation 2, the random effects for this stand can be predicted with the following equation presented in matrix format (Lappi 1991, Schabenberger and Pierce 2002) :
where û is the vector of predicted random effects for Equation 2; Z is the derivative matrix of the fixed-effects design matrix with respect to the random effects evaluated at their expected value of zero (Sharma and Parton 2007) ; R is the predicted variance-covariance matrix for the residual errors, s 2 (e), of individual trees in Table 3 ; Ĝ is the predicted variance-covariance matrix of the random effects; y is the vector of observed individual tree heights; X is the vector of independent variables D ij , Dq i , and D max i , and b is the vector of estimated fixed-effects parameters, ␤, in Table 3 These random effects were added to the estimated fixed-effects parameters, b (Table 3) , to obtain stand-specific parameter estimates for this particular loblolly pine plantation, 
(5) Table 4 . FI values for the three height-diameter models considered in this study: (1) Budhathoki et al. (2008), (2) Lenhart (1968),  and (3) Korf lower values of FI indicate a better The total height predictions from Equation 5 were plotted with the fixed-effects predictions and observed values for the 10 calibration trees to show the improvement by using a mixed-effects height--diameter model (Figure 3) . A similar plot was created for themeasured trees not used for calibration to show that the predicted heights from the mixed-effects model versus the fixed-effects model are still more closely aligned to the observed heights (Figure 4) . A log-transformation bias correction factor, c ϭ 2 /2 (Baskerville 1972) , was also applied to Equation 5 to account for conversion from log space to absolute units (ft). The mixed-effects total height predictions are more aligned with the observed values than the fixedeffects total height predictions, which shows the benefits of local calibration when observed height-diameter pairs are available. The sums of squares error (SSE) for total height predictions also illustrate the benefits of using a mixed-effects model. The SSE for the fixedeffects predictions was 373.9 versus 251.1 for the mixed-effects predictions. This represents a 33% improvement for using the 10 calibration trees to localize the model. The random selection of 10 trees for this independent timber cruise was arbitrary. Lynch et al. (2005) used 10 calibration trees selected randomly from a stand. Trincado et al. (2007) randomly selected one to three calibration trees per sample plot, although they found that one calibration tree was sufficient. Foresters often measure one tree for height per cruise plot when subsampling for heights in a forest inventory. Additional trees may be measured to ensure that the range of diameters is represented in the subsample. These subsampled trees are then typically pooled to develop a local height-diameter equation for the stand. If a mixed-effects model is available, then a height-diameter equation localized for each cruise plot can be estimated. On the other hand, if calibration trees are selected within diameter classes rather than cruise plots, then separate mixed-effects models can be developed for each diameter class. Furthermore, if no individual tree measurements are available, then the average diameter and height could conceivably be used to calibrate a mixed height--diameter model. We were unable to find any objective guidelines for the selection of calibration trees in the literature, which is why we arbitrarily chose 10 calibration trees for our example. Further research is needed to develop guidelines for calibration tree selection for use with mixed-effects height-diameter models.
In conclusion, the mixed-effects model that includes stand-level independent variables (Equation 2) best predicts total height in East Texas loblolly and slash pine trees. We believe the inclusion of stand-level variables (dominant height, quadratic mean diameter, and maximum diameter) is justified considering that they are readily available from any timber cruise. We compared the new mixed-effects equations with independently cruised stands to show how well mixed-effects models predict total height with few (10 in this study) calibration trees. This methodology would be ideal for timber cruises that routinely subsample for total height but obtain diameters for all sampled trees.
